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Abstract 
The material strength is dependent on micro structure in which there is no well-recognized idea to predict the complex structure
process of fracture. For the fundamental simulation of metallic material, the embedded atom method (EAM) is exclusively 
practical along with satisfactory accuracy. Fracture simulation based on EA-cohesive (Embedded Atom Cohesive) model is 
presented to demonstrate the effectiveness of natural fracture/decohesion mechanism compared with the prescribed fracture 
criteria and cohesive law. EA-cohesive model uses the Cauchy-Born rule to form the communication between the macro 
deformation and the micro structure evolution within the stable material region. The educed constitutive models within EA-
cohesive model incorporate both normal and tangential cohesive laws with respect to the surface separation within the unstable 
material regions naturally (natural fracture/decohesion mechanism hereafter). Fracture simulation results of prototype high 
strength steel plate are presented to demonstrate the natural capacity of simulating fracture of EA-cohesive model. 
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1. Introduction 
In engineering structure analysis, the traditional material-strength approach tends to ignore the detail information 
of fracture, e.g. initiation and propagation of crack, accumulation of damage etc. Traditional fracture mechanics 
makes a significant progress beyond the traditional material-strength paradigm. However, traditional fracture 
mechanics based on finite element method framework could not simulate the weak and strong discontinuity very 
well. Besides, in some special cases, the defined fracture toughness becomes length scale dependent and can not be 
viewed as one of the intrinsic material properties [1].
To simulate the fracture better on different length scale, many paradigms and theories are utilized. On atomistic 
level, first principle simulations are desirable in all kinds of ensembles with a fairly small number of atoms. Due to 
the negative effect of the inherent computational complexity of larger ensemble, first principle simulation is hardly 
practical for engineering simulation [2]. In comparison with ab initio calculations, the molecular dynamics and 
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Monte Carlo simulation acquire the noteworthy computational efficiency by making compromise in rigor and 
accuracy. Embedded atom method (EAM) which is given by Daw and Baskes [3], provides a better description 
based on experimental validation within MD framework. With the EAM paradigm, many problems, e.g. defects, 
melting, crack opening etc. can be effectively investigated. However, within the MD framework, the computational 
cost can not be reduced significantly, which also limits the power of the EAM paradigm. For example, given a tiny 
metallic specimen with the dimension 1mmh1mmh1­m, the number of the atoms reaches the order of millions of 
trillions (ı1018), which is impossible to simulate based on MD paradigm at present computation power. This 
computational difficulty also forms the main barrier between the simulation effective field and engineering need. 
From a more fundamental point of view, most of the existing difficulties associated with the existing paradigms 
are very hard to be conquered. To overcome the plastic dissipation of the overall fracture energy in the thin film 
devices simulation, a VIB model is proposed by H. Gao et al [1, 4], originated from the early idea of cohesive zone 
model proposed by Xu and Needleman [5]. Zhang and Paulino [6] extended the cohesive paradigm by utilizing 
traction-based bilinear cohesive zone model for functionally graded materials successfully. Recently a multiscale 
cohesive zone model based on pairwise potential is proposed by Zeng and Li [7], which is a milestone of multiscale 
cohesive zone paradigm. Based on the present computational power, new paradigms are needed to be developped to 
avoid all the intractable difficulties above. By coalescing the EAM paradigm and cohesive zone model, a prototype 
fracture simulation based on EA-cohesive zone paradigm is discussed in this work. In this work, Cauchy-Born rule 
is implemented into the EA-cohesive paradigm to demonstrate the natural decohesion mechanism embedded as an 
intrinsic material property. 
2. Cohesive Zone Paradigm 
The pilot studies of Barenblatt [8, 9] half a century ago can be viewed as one of the origins of cohesive zone 
paradigm. By implementing the empirical cohesive zone model into the traditional finite element method frame, Xu 
and Needleman [5] make the cohesive zone model accepted by the majority. 
Fig. 1. (a) Continuum abstracted by bulk regions and nodes; (b) Discontinuity abstracted by cohesive zone and reproduction of cohesive nodes  
As illustrated in Fig.1, within finite element method, the continuum in question can be represented by the element 
mesh and element nodes. Usually, the displacement information of each node is the unknown variable that should be 
determined by solving algebraic equation system.  
When crack-like flaws are initialized (Fig.2), the displacement field becomes discontinuous and the shared nodes 
of adjacent element pair can no longer describe this state of material or structure. The lack of discontinuity capacity 
prevents the finite element method from simulating fracture problem. In cohesive zone paradigm, the shared nodes 
can reproduce new cohesive nodes when necessary. With the aid of the newly-reproduced cohesive nodes, the 
cohesive zone paradigm can describe the discontinuity naturally. And the computational cost remains at the same 
magnitude (Ĭ2 times). With insignificant increase in computational cost, the cohesive zone paradigm acquires 
significant progress in simulating power.  
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Fig. 2. Typical process of crack propagation during fracture.  
2.1. Deformation of cohesive zone 
Physically speaking, the debonding associated with the crack opening can happen in any position around the 
whole continuum. However, to simplify the problem, it can be assumed that the atomistic debonding as well as the 
defects is limited within the cohesive zone and the deformation inside the bulk material remains uniform. To view 
the cohesive zone in a general way, the cohesive zone is considered to have an initial thickness h0 as the reference of 
deformation. However, the deformation within the cohesive zone is nonlinear and inhomogeneous, it is impossible 
to represent it by one constant deformation gradient. 
Let separate the inhomogeneous deformation into mean deformation part and fluctuation part: 
ucoh=umean+u  (1) 
where umean denotes the global mean displacement field, whereas u is the inhomogeneous displacement noise or fine 
scale displacement fluctuation field. Thus, the general deformation field can be given by: 
x = xmean + x = FX + u  (2) 
where F and x denote homogenous coarse deformation gradient and homogenous coarse scale material position field 
respectively.
Fig. 3. Illustration of a contradiction of affine mapping and the constant deformation gradient Fcoh in deformed cohesive zone. (Fake Mode) 
Let’s take 2D case for example, the cohesive zone degenerates to quadrilateral region. This quadrilateral region is 
developed by two adjacent line segments. Zeng and Li propose an affine mapping method in their pioneering paper 
[7] to find the average deformation inside the cohesive zone. In such an affine mapping method, the constant 
deformation gradient of the cohesive zone is given as Fcoh:
 
11
1
12
1
21
1
22
1
0 0
0 01
0 0
0 0
coh l l
coh l l
coh l l
coh l l
d bF x x
c aF y y
d bad cbF x x
c aF y y
 

 

 

 

­ ½  ­ ½ª º
° ° ° °« » ° ° ° °« » ® ¾ ® ¾« » ° ° ° °« »° ° ° ° ¬ ¼¯ ¿ ¯ ¿
 (3) 
Where 
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Since the deformation in highly nonlinear inside the cohesive zone, one cannot apply the Cauchy-Born rule to 
extrapolate the mesoscale constitutive relation that can apply to the cohesive zone. Generally speaking, the Zeng and 
Li model maximize the computational efficiency by making some compromise in accuracy. In this work, the 
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limitation of affine mapping method in describing the quadrilateral region is considered. For example, let’s assign 
the nodes of the finite thickness cohesive zone (h0) with the coordinates illustrated in Fig.3. According to the affine 
mapping method, the associated deformation gradient of the presumed motion can easily be calculated as unit tensor 
1 (įiA). The associated zero strain tensor indicates that the cohesive zone is not deformed, which is not true distinctly. 
Fig.3 demonstrates a fake mode of the Zeng and Li Model.  
To overcome this drawback, double triangle approximation is given in this work to describe the deformation of 
the cohesive zone. 
2.2. Double triangle approximation 
Physically, the cohesive zone as “void space” has neither mass nor energy. However, to establish the model that 
can describe the behavior of crack surface opening, the deformation as well as other information of the cohesive 
zone should be measured and utilized. In the work of Xu and Needleman, the normal separation and the tangential 
separation of the cohesive zone are considered [5]. Zhang and Paulino [6] concluded that using the effective opening 
displacement in Xu and Needleman model is not a good approach to describe mixed-mode loading and proposed a 
much better approach by using traction-based bilinear model. According to the work of Zeng and Li [7], a linear 
mapping is given to linearize the deformation of the cohesive zone. In this work, a double triangle approximation is 
presented. Double triangle approximation is to approximate the cohesive zone by two linear triangle zones. The 
proposed double triangle approximation can describe the quadrilateral cohesive zone completely and it will not 
cause any fatal fake modes to ruin the simulation. Detailed discussion will be given in another work. 
Table 1. Comparison of cohesive zone approximation 
Cohesive zone approximation Existence of Initial thickness h0 Existence of Fake Mode 
Xu and Needlemen model [5] No Yes 
Zeng and Li model [7] Yes Yes 
Double triangle model Yes No 
3. EA-cohesive Paradigm 
Based on multi-body Schrödinger equation, many material properties can be studied by the ab initio calculations. 
However, the complexity of multi-body Schrödinger restricts the application of ab initio calculation. Under current 
computer technology, ab initio calculation can not simulate even a micron scale engineering problem. The solvable 
problem scale should be around a few hundreds of atoms with a supercomputer [10, 11].
Instead of solving Schrödinger equation directly, one can approximate the system such that the total energy of a 
given atomic ensemble can be easily summed up over pair potentials. However, the pairwise potentials have many 
drawbacks that may bring negative impact to the cohesive simulation. Daw and Baskes proposed the approach in 
which the energy of the metal system in question can be obtained by embedding an atom into the local electron 
density cloud formed by the remaining atoms of the given atomic systems [3]:
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where the f denotes the embedding function that represents the energy needed to embed i-th atom of typeD into the 
background electron cloud, spherjU  denotes the spherically averaged atomic electron density of the j-th atom, I  is 
the repulsive pair potential.  
Based on Eq. (5), Cauchy-Born rule can be invoked to establish the constitutive model. The Cauchy-Born rule 
indicates that the deformation of underline lattice is uniform and it would follow the overall deformation of the 
medium. This condition can be expressed by the following equation: 
ij ijr = FR    (6) 
258  Minghua He et al. / Procedia Engineering 10 (2011) 254–261
where ijR  is a referential lattice vector between the i-th and j-th atom, and ijr  is the corresponding deformed lattice 
distance vector, and F  is the deformation gradient. 
The physical reason for such a relation is that when a region of a material undergoes uniform deformation there is 
no displacement fluctuation, and the mean displacement field will uniquely determine the distance between two 
arbitrary atoms. Let’s denote the position vector of the atom in a supercell as iX  in the referential configuration, 
and ix  in the current configuration, then the referential bond vector between i- th and j-th atom is given by: 
ij j i R X X    (7) 
According to the definition of elastic energy density, on microscale level, the elastic store energy function eW  is 
given by: 
0
1 1atom atomn n
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i it
W E E
V JV
  ¦ ¦    (8) 
where J is the Jacobian, Ei is the energy of a single particle or atom, Vt and V0 are the volumes of the deformed and 
undeformed configuration respectively. 
According to the derived stored energy function, the implied constitutive relation for the EA-cohesive model can 
be established as: 
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where S  is the 2nd Piola Kirchhoff stress (PK2 stress). 
4. Natural decohesion/fracture mechanism 
A complete material constitutive model should be capable of simulating the material failure naturally without 
additional failure criterion. Physically speaking, there is no real material that never fails which means the material 
failure is part of the material’s natural constitutive behavior.  
Fig. 4. Comparison of elasticity and natural decohesion/fracture mechanism (b) EA-cohesive constitutive model for prototype high strength steel. 
Let’s define any constitutive model in which natural decohesion/fracture mechanism has been embedded as 
natural cohesive constitutive model. A comparison between elasticity and natural cohesive constitutive model is 
shown in Fig.4. The yellowish brown block represents one of the idealized constitutive models such as linear elastic 
Hooke’s law. These idealized constitutive models are not complete due to the lack of natural fracture mechanism. 
As depicted in Fig.4, when the elastic block is stretched, the resistant force can increase forever which will never 
lead to the material failure. Further fracture criterion has to be added applying these idealized constitutive models to 
the fracture simulation. However, the proposed constitutive model in this work (by Eq. (9)) is a complete 
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constitutive model in which no prescribed failure criterion is needed. As shown in Fig.4, the green blocks stand for 
the natural cohesive constitutive models. In cohesive constitutive models, presumed fracture criterion is no longer 
important.  
Fig. 5. EA-cohesive constitutive model for prototype high strength steel 
As shown in Fig.5, a derived prototype constitutive model for high strength steel is presented as a superposition 
of the red curve and the blue curve. The overall trend (denoted as a black curve in Fig.5) is the cohesive constitutive 
model. During the loading, the natural cohesive model can supply increasing reactive force until reaches to the 
critical cohesive state. As the displacement increasing beyond the critical value, the reactive force decreases 
gradually which makes itself a complete constitutive model with natural decohesion mechanism.
5. Numerical Case Study 
In this case study section, one numerical case about the fracture of high strength steel plate is discussed. Though 
molecular dynamics is one of the most powerful approaches in fracture simulation, it is still impractical in solving 
engineering problem. However, an effective approach for satisfactory simulation is still needed in civil engineering 
study. As the structural steel strength increases fast, people is getting more and more concerned about the safety and 
reliability of high strength steel structure and trying hard to capture the overall fracture procedure. 
Fig. 6. The prototype setup of the high strength steel plate 
The problem setup is illustrated in Fig.6. The grey plate is the prototype high strength steel plate with the 
dimension 20cmh30cmh0.1cm (Fig.6), the green arrows indicate the constant displacement loading condition and 
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the black cuts represent the precracks. In this simulation, the steel plate specimen is subjected to a dynamically 
prescribed symmetric uniaxial constant displacement loading in X-axis direction.  
As illustrated in Fig.6, there are two precracks located symmetrically at the top of the steel plate. The length of 
the precrack is 2cm (b/10, b=20cm) and the width of the precrack is negligible. By pre-processing the model, the 
EA-cohesive zone model is built up with 4838 bulk elements and 3722 cohesive zones. 
(a) t=3.30 ȝs                              (b) t=3.45 ȝs                               (c) t=3.60 ȝs                                      (d) t=3.75 ȝs
(e) t=3.90 ȝs                              (f) t=4.05 ȝs                               (g) t=4.20 ȝs                                      (h) t=4.35 ȝs
Fig. 7. The stress result of the fracture simulation of high strength steel plate 
As shown in Fig.7, the entire process of the high strength steel plate has been captured. At the beginning stage of 
the fracture process, both the precracks open obviously, and the stress concentrates at the vicinity of the crack tip. 
Both two cracks present highly synchronization at the beginning due to the strong geometry symmetry and the 
loading symmetry. However, the symmetry can only guarantee the stress field symmetric at the elastic stage. As the 
displacement increasing, the high strength steel plate reaches to the cohesive stage (Fig.7(c)-Fig.7 (h)) and the stress 
field starts to lose the symmetry. As we can see in Fig.7, the left-hand crack starts to grow while the right-hand 
crack starts to unload. This phenomenon implies that the fracture tends to happen at the weakest part of a system. 
Fig. 8. The detailed Cauchy stress component T11 of the steel plate fracture. 
As illustrated in Fig.8, even during the dynamic crack propagation procedure, the stress still concentrates at the 
vicinity of the crack tips. Though there are two precracks as the initial defect for the steel plate, only one precrack 
dominates the whole procedure of crack propagation and the left-hand one remains almost the same with the initial 
state.
6. Discussions 
The application of EA-cohesive zone paradigm as well as the main formulas for the multiscale cohesive zone 
model has been presented in this work. As presented in this work, the application of Cauchy-Born rule in the same 
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spirit as the Xu and Needleman cohesive zone model [5] and multiscale paradigm of Zeng and Li model [7], the 
natural decohesion/fracture mechanism has been built in the constitutive level. According to the discussion of Gao 
and Klein [1], the correct physics of finite cohesive capacity should be embedded into the constitutive model, rather 
than the finite element discretization level. The EA-cohesive zone paradigm also matches the conclusion drew by 
Gao and Klein [1]. As EAM is one of the most prominent formalism for showing the inter-atomic behavior, the EA-
cohesive zone paradigm aims at maximizing the advantage of combination of EAM and cohesive zone model. 
However, most of the existing EAM potential is built for the metallic system which restricts the application of the 
EA-cohesive zone paradigm on metallic material. On the other hand, the EAM potential used in the EA-cohesive 
zone model can also be many other fitting functions such that they can reconstruct the macro constitutive behavior 
of the engineering material. The EA-cohesive zone paradigm can be easily used in all kinds of metallic structural 
engineering material such as copper, aluminum and steel etc. To simulate some new composite material, the only 
obstacle is to fit a proper EAM-like model to approximate the composite material in question. All the formulae 
involved in this work are derived for general usage and not constraint by the specific types of EAM functions.  
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